Purpose Characterizing environmental impacts at the global scale is crucial to define references against which compare the environmental profile of products and systems. Within this study, global emissions and resource uses have been collected and characterized for the following impact categories: climate change, ozone depletion, human toxicity (cancer and non-cancer), ecotoxicity, particulate matter, ionizing radiation, photochemical ozone formation, acidification, eutrophication (terrestrial, marine, and freshwater), land use, water use, and resource use. The results can be used as normalization factors (NFs) in the context of the life cycle assessment (LCA). Material and methods The global NFs are built on an extensive collection of data on emissions and resources extracted at a global scale in 2010, gathering different sources and comparing them. A hierarchical approach was applied to the selection of data sources. Extrapolations, mainly temporal data-gap filling, were applied for complementing the inventories for missing data. In order to calculate NFs, the inventory was characterized by using the International Reference Life Cycle Data System (ILCD) midpoint indicators and the EU Environmental Footprint (EF) set, which includes recently released models. Results and discussion The resulting global NFs (ILCD and EF) were reported and discussed for each impact category. Coverage completeness and robustness of both the underpinning inventories and impact assessment models were used to define the level of uncertainty in the calculations. Based on the contribution analysis of the main elementary flows, it resulted that only few elementary flows drive the overall impact for most of the impact categories. Moreover, the ratio between the NFs at EU27 in 2010 and global level showed that Europe generally covers less than 10% of the global impact. Conclusion and outlook The quantification of the current levels of environmental pressures entails critical aspects, as it consists of accounting of emissions and resources, relying on data often incomplete or based on modeling. Despite the attempts made for increasing NFs coverage and robustness, the calculation in the present study highlights the need of further efforts aiming at overcoming the uncertainties and the limitations identified both at the inventory (i.e., difficulty in retrieving complete and recent data) and characterization levels (e.g., consistency between inventory and impact assessment regarding spatialization, system boundaries). Most importantly, any assessment based on the use of NFs should be carefully discussed and interpreted in light of the limitations discussed in this paper.
Introduction
The growth of human population and the increase in consumption intensity at the global level have led to an unprecedented demand for natural resources needed in various sectors (e.g., food, energy, transport, materials, and chemicals production). This implies increasing pressures on the environment due to emissions of polluting substances and the consumption of resources. The assessment of the potential environmental impacts associated with those pressures and of the underpinning causes is a precondition for the identification and prioritization of possible solutions in terms of impact reduction and improved environmental performance.
Life cycle assessment (LCA) is a reference methodology for the evaluation of environmental impacts along the supply chain. Life cycle-based methodology is increasingly adopted to assess production and consumption patterns and to identify hotspots of impact which may represent the key areas of interventions where environmental pressures can be reduced. Through the so-called normalization step, impacts related to a specific product or system are compared with reference values describing the impacts associated with a reference system (e.g., another product, a region, a country, or the entire globe). In the LCA context and according to ISO 14044 (ISO 2006) , normalization is an optional step that allows the interpretation of the characterized results in terms of relative environmental relevance of the impacts. In fact, normalization provides a reference situation for the environmental pressures of all the impact categories, meaning that-through normalizationabsolute impact scores are converted into relative contributions of the analyzed product or system to a reference situation (Sleeswijk et al. 2008) . Normalization factors (NFs) are often composed of regional and global inventories of emissions and resource use, coupled with estimations of missing elementary flows (e.g., proxy for chemical emissions leading to impacts on toxicity, Cucurachi et al. 2014) , and characterized by using an impact assessment method and the related models.
In 2016, the UNEP/SETAC Life Cycle Initiative has been discussing the role of normalization (Pizzol et al. 2017) , recommending the use of global NFs since they are perceived as more relevant for decision-making, supporting the interpretation of the meaning of life cycle impact assessment (LCIA) results. In fact, normalization can play an important role in providing information on the magnitude of impacts, by comparing them with a reference state, thus facilitating the communication to stakeholders as well as supporting decision-making.
Over time, several normalization factors have been proposed at different levels, e.g., Sleeswijk et al. (2008) for Europe and global scale, Laurent et al. (2013) for the global scale, and Sala et al. (2015) for Europe. Important key limitations have been identified in previous studies Cucurachi et al. 2017; Prado et al. 2017; Heijungs et al. 2007) , especially related to high uncertainty due to data gaps and the use of different sources or methodological approaches (as extensively highlighted in Benini and Sala 2016) . However, possible alternatives are still not reported in the existing literature.
The present study has two goals: (i) develop an update inventory at global scale for the year 2010, exploring different available sources for building the inventory and showing the discrepancies/differences and (ii) make available set of normalization factors to be used with International Reference Life Cycle D ata system (ILCD) (EC-JRC 2011) and Environmental Footprint (EF) (EC 2013a, b) methods.
Normalization factors are the result of an effort in building an inventory of emissions and resource use, describing also strengths, limitations, and possible uncertainties associated to the factors when using different sources for the inventory and different methodological choices in the characterization stage. Compared to previous studies underpinning normalization, this paper is built on a systematic review of different sources available for building the inventory, thus highlighting the potential uncertainties associated to the figures and offering potential options for sensitivity assessment. Moreover, building this inventory is fundamental to progress in the assessment of the potential impact due to current production and consumption patterns compared to planetary boundaries, which requires identifying global references of pressures and impacts .
The paper is organized as follows: BSection 2^presents the applied methodology, the data sources, and the assumptions made for building the inventories; BSection 3^reports the resulting normalization factors calculated for each impact category, including a discussion on the choices underpinning their estimations as well as their comparison with the EU27 NFs as calculated in Sala et al. (2015) and previously published global sets (Sleeswijk et al. 2008; Laurent et al. 2013) ; finally, in BSection 4,^an outlook towards future improvements is presented. Supplementary Materials (ESM) are available and include the inventory database, alternative inventory data found in literature, the modeling choices, and the characterized inventory for each impact category.
Methodology
The environmental pressures associated to emissions into air, soil, and water and to resource extraction are traditionally estimated by adopting a territorial perspective, namely collecting statistical information associated with emissions and resource use occurring within a defined spatial scale. In the present study, the calculation of the global NFs was built on a collection of data from different sources on emissions and resources used at global scale, selecting 2010 as the reference year.
The inventories cover both emissions into the environmental compartments (i.e., air, water, and soil) and resources extracted on a global scale. The sources of data were selected following a hierarchical approach, mainly based on the criteria by Sleeswijk et al. (2008) and in accordance with the procedure proposed by Sala et al. (2015) (see BSection 2.1^for more details).
A complete list of data sources by groups of substances for each impact category is reported in Table 1 .
Several methodological choices have been made in relation to the sources of data for building the inventories. Extrapolations, mainly temporal data-gap filling strategies, were applied for complementing the inventories in case of missing data, building on Sala et al. (2014) where possible. Moreover, assumptions have been made in order to map elementary flows retrieved from their original sources into those available in and consistent with the impact assessment models. Specific details on the extrapolation strategies are provided by impact category in BSection 2.1.1 (2011) Human toxicity (cancer, non-cancer) and ecotoxicity freshwater Air emissions: Heavy metals (HMs) Organics non-NMVOC (non-methane volatile organic compounds), dioxins, PAH, HCB, etc.
-Main source: Sala et al. (2015) ; Cucurachi et al. (2014) -Additional literature for: ○ Metals: Cheng et al. (2014a, b) ; Leclerc and Laurent (2017) ; Leclerc et al. (2019) ; Tian et al. (2015) ; UNEP (2013);
○ Pesticides: Leclerc and Laurent (2018) ○ Other emissions to air: EDGAR v.4.3.1 (EC-JRC & PBL 2016); EDGAR v4.3.2_VOC_spec (EC-JRC & PBL 2018); Fahey and Hegglin (2011); Fiedler et al. (2012) ; Fraser et al. (2011 Fraser et al. ( , 2014 ; Leclerc and Laurent (2018, personal communication) ; Shen et al. (2013) Releases Concerning the methodology and, consequently, the results, some features and figures could differ from previous work on global normalization factors (i.e., Sala et al. 2016) due to calculation refining.
The inventory built for normalization has been characterized with both ILCD method and the EF method. Regarding ILCD, emissions and resource extraction data were classified into ILCD elementary flows, then characterized through the ILCD recommended impact assessment method v. 1.010 (EC-JRC 2011 , 2012 , by using characterization factors (CFs) at the midpoint. The ILCD method, developed by the European Commission's Joint Research Centre, entails the indicators and models recommended for LCIA in the European context. We accounted for the emissions to air, soil, and water without further detailing them into sub-compartments, mainly due to lack o f d e t a i l i n t h e m a j o r i t y o f d a t a s o u r c e s . Therefore, generic CFs from ILCD, namely CFs which are not detailed in terms of emission sub-compartment (e.g., emitted to Bunspecified^air, water, or soil), were applied to all inventoried flows although significant variability may be expected (see Benini and Sala 2016) . The only exception is the particulate matter category, for which CFs detailed on the basis of the area of emission (i.e., urban or non-urban) could be matched with inventory data.
Additionally, a calculation of NFs using the EF method was performed. The EF method has evolved over time from the initial list of models (EC 2013a, b) to a reference package EF 2.0 Fazio et al. 2018a ), up to the reference package EF 3.0 (Zampori & Pant 2019a, b; Fazio et al. 2018b) . Details on the models used in the ILCD and in the different EF reference packages are reported in the ESM. In the EF, a number of impact categories, namely climate change, ozone depletion, three toxicity-related categories, particulate matter, land use, water use (water depletion according to ILCD), and resource use (resource depletion according to ILCD) have been updated . This was done by means of different and more recent models (compared to ILCD) underpinning the calculation of CFs, namely IPCC (2013) for climate change, WMO (2014) for ozone depletion, Saouter et al. (2018) for toxicity (both human and ecotoxicity), the model proposed by Fantke et al. (2016) for particulate matter, the soil quality loss index based on LANCA De Laurentiis et al. 2019) for land use, AWARE model (Boulay et al. 2018) for water use, and ADP ultimate reserve model (van Oers et al. 2002 ) for resource use. To be compliant with the characterization methodology used in the EF reference package 3.0 that we used in this paper, we shaped the inventory for particulate matter, land use, and water use categories (see BSection 3.4,B Section 3.11,^and BSection 3.12^) and we used more detailed CFs than in ILCD, as follows: for particulate matter, we adopted CFs detailed by source height (i.e., the height of the stack for EF method); while for land use and water use, we adopted country-specific CFs, instead of global default CFs. From now on, when mentioning the impact categories in the text, we will use the nomenclature as proposed in the EF reference package 3.0.
Criteria for data selection and data sources
The global inventory of emissions and resources extracted in 2010 is mainly composed of statistics provided by international agencies and institutions, e.g., European Commission (EC), the Food and Agriculture Organization of the United Nations (FAO), the United States Geological Survey (USGS), and the Commonwealth Scientific and Industrial Research Organization (CSIRO) (see Sala et al. 2015 for a more detailed description of the data sources). Considering the broad variety of available statistical and scientific sources, the detailed hierarchical procedure proposed by Sala et al. (2015) based on the criteria of Sleeswijk et al. (2008) was used to guide the selection of inventory data, especially when alternative options for the same inventory flows were available. Generally, official statistics based on measured values or officially accepted models were preferred since they ensure higher robustness of the inventories. This was followed by (i) activity-based estimations, (ii) statistical proxies, and (iii) speculative assumptions based on reasonable correlation and/ or cause-effect models. All the identified data were gathered and comparisons were performed to understand the variability of the results. In the case of more than one plausible data source were available, the selection was based on the inventory better responding to higher levels of the abovementioned hierarchy. Moreover, robustness was evaluated in terms of both inventory coverage completeness and reliability (see BSection 2.2^). When data were missing for the reference year or the spatial scale needed for this study, assumptions or estimations were done to complement the dataset. Particularly, we adopted prioritization rules for data-gap filling when data were not available for 2010. Specifically, we retrieved (a) data related to years which were different from the reference one (e.g., preferably from 2008 to 2011, in any case within 2008-2014) coming from the primary source; (b) data for 2010 from a secondary source; and (c) if none of the previous alternatives was possible, data have been selected from a tertiary source.
In a few cases, it was not possible to strictly follow the procedure reported above, thus case-specific data-gap filling was needed, e.g., for the toxicity-related impact categories (i.e., human toxicity cancer and non-cancer, ecotoxicity), ionizing radiations, land use, and resource use (minerals and metals part only). The specific approaches are reported in BSection 3,^for each impact category, and discussed together with the results.
Robustness assessment of the calculated normalization factors
A qualitative assessment of the completeness and robustness of the datasets used for building the inventories as well as the robustness of the impact assessment models underpinning the characterization of global impacts was performed for each impact category, according to specific criteria showed in Table 2 . The information behind this evaluation aims at drawing attention to the potential sources of uncertainty underlying the Inventory robustness: quality of data, assessed by considering both the combination of different sources and the adoption of extrapolation strategies I High (data from published datasets from official data sources, subjected to a quality assurance procedure and limited use of extrapolation methods, i.e., < 20% of the impact derived from extrapolation) II Medium (non-publicly available or non-peer-reviewed datasets and/or use of extrapolation methods for more than 20% but less than 80% of the impact) II Low (use of extrapolation methods for more than 80% of the impact) Robustness of the impact assessment method:
classification of the ILCD recommended characterization models (EC-JRC 2011) based on model quality I The model is recommended and satisfactory II
The model is recommended but in need of some improvements III The model is recommended, but to be applied with caution *Adapted from Sala et al. (2015) It represents the completeness of the dataset used for building the final inventory and is estimated as the ratio between the retrieved inventory data over the available flows in ILCD for the specific impact category 2 It is based on data quality, entailing the combination of different sources, and the adoption of extrapolation strategies 3 This corresponds to the classification of recommended models in ILCD (EC-JRC 2011) 4 This corresponds to the classification of suggested models in the EF 3.0 (Zampori & Pant, 2019a,b; Fazio et al., 2018b) 5 Toxicity-related impact categories extrapolation strategies: Avg. based, the geometric mean of available extrapolations (namely GDP, HM, and CO 2 ); GDP based, extrapolation based on GDP per country; CO 2 based, extrapolation based on CO 2 emission per country; HMs adjusted, HMs emission from manure corrected as for Leclerc and Laurent (2017) calculation of the normalization factors. Therefore, the robustness of the NFs is defined through expert judgment, by considering separately the following: inventory's completeness, robustness (based on data quality, entailing the combination of different sources and the adoption of extrapolation strategies), and the robustness of the impact assessment method (according to the recommendation from the ILCD (EC-JRC 2011)).
To increase the robustness of the final results, where a higher level of detail was available both in the inventory and in the adopted LCIA model, the calculation was made by means of data and CFs as much detailed as possible. In particular, when these details were available in the inventory, it was possible to use CFs specific for (i) countries, (ii) archetypes (i.e., urban or non-urban specification for air emission), and/or a certain height of the emission stacks. This was done primarily for calculating the normalization references of particulate matter, land use, and water use. Although the model for acidification provides as well country-specific CFs, the factors are for EU countries only, hampering the application at a global scale. Hence, the NF has been calculated for this impact category by adopting global default CFs, avoiding the use of two different approaches (country specific for EU countries and global default for all the others). For the sake of completeness, for all the other abovementioned cases, an NF with global default CFs was calculated as well.
Results and discussion
Following the collection of data for compiling the global inventories and their mapping into elementary flows according to the ILCD nomenclature, the inventories were characterized by using ILCD CFs at the midpoint (EC-JRC 2012). Moreover, for a number of impact categories (i.e., climate change, particulate matter, human toxicity cancer and noncancer, ecotoxicity, freshwater eutrophication, land use, water use, resource use), an additional characterization was performed by using the LCIA models according to the EF reference package 3.0 (Zampori & Pant 2019a, b; Fazio et al. 2018b; Sala et al. 2019) .
Uncertainties in the calculation of the normalization factors may be due to different features, such as (i) the selection of the sources of data from different statistical database , (ii) the use of data-gap filling procedures, and (iii) the specific features of the models estimating emission, since there could be differences in the chosen system boundaries between technosphere and ecosphere between inventory and impact assessment. The uncertainties related to the extrapolation procedures adopted in this study are detailed in BSection 4.^A general overview of the results is presented in Table 3 , while details on all the tested alternatives for both ILCD and EF are in the ESM.
In the following sections, for each impact category, we reported the results of the calculation of the NFs based on the global inventory for the year 2010. Each paragraph includes a section describing the global inventory sources and assumption and a section reporting the resulting normalization factors. The following aspects are detailed: (i) the specific data-gap filling procedure adopted for building the inventory; (ii) the coverage of the flows in the inventory with respect to the available flows in ILCD; (iii) the contribution of each flow to the final global impact; (iv) the main features leading to uncertainty; and (v) the normalization factors obtained by using different inventories characterized with ILCD and EF 3.0 method.
Climate change

Global inventory
The inventory for the climate change impact category is mainly based on EDGAR v. 4.2 FT2010 data for 2010 (EC-JRC & PBL 2013). Notwithstanding UNFCCC provides emission data that should be preferred-according to the hierarchy in Sala et al. (2015) -EDGAR v. 4.2 FT2010 has been prioritized. Due to the high coverage of greenhouse gases (GHG) and countries, EDGAR was considered the most robust source in terms of completeness and representativeness of the world situation.
Adopting then EDGAR v.4.2 FT2010 (EC-JRC & PBL 2013) as the main data source, figures for 215 countries and for 27 elementary flows were gathered. Concerning carbon dioxide emissions, the flows were split based on their source, namely fossils, biogenic, and from the land use/land use change and forestry sector (LULUCF). Since EDGAR do not account for LULUCF (which is included in the IPCC sector 5), we complemented the CO 2 figure with the data from Houghton et al. (2012) as reported in the Global Carbon Atlas (GCA 2018), an initiative under the Global Carbon Project (GCP 2018). Then, to fill the remaining gaps in EDGAR v.4.2 FT2010 emission inventory, 2010 values for HCFC-22, HCFC-140, and CFC-11 were taken from Fraser et al. (2014) , while CFC-10, halon-1211, and the sum of halon-1301 and halon-2402 from . Besides, 2008 data on halon-1001, HCFC-141b, and HCFC-142b were retrieved from Fraser et al. (2011) , and on CFC-12, CFC-113, and R-40 from Fahey and Hegglin (2011) , assuming that emissions remained unchanged or decreased during the years between 2008 and 2010 due to the 2007 adjustments to the Montreal Protocol (Montzka et al. 2014) .
Concerning halons, we retrieved from halon-1211 as single flow and the sum of halon-1211, 1301, and 2402 from which, by means of the simple subtraction operation, the sum of halon-1301 and 2402 could be obtained. Therefore, we adopted two options, according to the available data. Firstly, we took the sum of halon-1301, 2402, and 1211 as given in and we characterized it by means of a CF obtained as the geometric mean of the three halon-related CFs. Then, we compared it (i.e., 2.08E+10 kg CO 2 eq) with the result of the characterization of halon-1211 taken as single flow and the characterization of the sum of halon-1301 and 2402 made with a CF obtained as the geometric mean the two halons-related CFs. The second option was retained (1.80E+10 kg CO 2 eq), which differs from the previous by ca. 15%, since at least one flow is characterized with its own CF, thus being more robust.
Concerning F-gases such as HCFC-141b and HCFC-142b, data were available in both Fraser et al. studies and in EDGAR v.4.2 (EC-JRC & PBL 2011) . However, since the figures in the two sources differ by at least one order of magnitude, a consistency check was carried out. Comparing the emissions data from EDGAR v.4.2 (EC-JRC & PBL 2011) and Fraser et al. (2011) , with other studies in literature, we attempted the validation of the two sources. The data on HCFC species retrieved from other studies (i.e., Montzka et al. 2014; Simmonds et al. 2016; see SI) were in greater accordance with Fraser et al. (2011) . Hence, we prioritized this latter source for HCFC-141b and HCFC-142b values.
Normalization factors
The estimated NF for climate change according to the ILCD method stands at 4.95E+13 kg CO 2 eq. The inclusion of the additional flows from 2008 to fill the gaps does not bring relevant changes in the 2010 inventory. In fact, the characterized result without 2008 data would be 2% lower. According to the final choice of including 2008 figures, the inventory for climate change covers 40 substances (27 from EDGAR and 13 from other sources) out of 101 for which a CF is available in ILCD. Three substances dominate the overall impact, namely CO 2 (70%, mainly from burning fossil fuels), CH 4 (17%, of which two-third are from fossils), and N 2 O (6%). The remaining substances contribute to around 7% of the total global impact. UNFCCC (2017) was explored as an alternative source. It reports GHG data, collected by both Annex I and non-Annex I parties, already characterized figures calculated using the global warming potential in 100-year time horizon (GWP 100 ) factors as in IPCC 2007. The related global value for climate change stands at 2.37E+13 kg CO 2 eq, which represents less than half of the ILCD NF estimated above. Although the UNFCCC value is based on CFs which are in line with the ILCD recommendations for LCIA, it was considered unrepresentative of the world situation because of its limited accounting of world countries. Specifically, UNFCCC covers 84 ISO countries, and some important GHG emission contributors, such as the USA, were not available. The value of 2.37E+13 kg CO 2 eq is then potentially underestimating global GHG emissions in 2010, and it is the result of the data available for 2010, plus the available data of countries missing in 2010 for which in close years, e.g., 2009-2012, a GHG emission figure was available. For example, for China data of 2012 were used as a proxy for 2010. As already reported, an additional normalization factor was calculated by means of the EF reference package 3.0 Fazio et al. 2018b) . It is based on the inventory presented above. However, it is characterized by using updated CFs from IPCC (2013), which includes also CO as emission. Updated CFs are generally higher than those adopted in the previous version (IPCC 2007) . Hence, the resulting final figure is nearly 10% higher than the global normalization factor calculated above, i.e., 5.55E+13 vs 4.95E+13 kg CO 2 eq.
Ozone depletion
Global inventory
As for climate change, EDGAR v.4.2 FT2010 data (EC-JRC & PBL 2013) were considered due to their wide coverage. Nevertheless, data for ozone-depleting substances were not reported for 2010. Therefore, the inventory related to ozonedepleting substances, specifically CFC-10, CFC-11, HCFC-22, and HCFC-140, was retrieved from Fraser et al. ( , 2014 Fraser et al. ( , 2015 . Figures for halons, as for climate change, were retrieved from and the same characterization procedure was adopted. Due to the lack of several emission data for the year 2010, temporal data-gap filling procedures were applied to some substances, namely halon-1001, HCFC-141b, and HCFC-142b, by using the values available for 2008 (Fraser et al. 2011) , as for climate change. Additionally, the inventory has been complemented with 2008 data of CFC-12, CFC-113, and R-40 from Fahey and Hegglin (2011) . The final inventory is composed mainly by data from one source, namely the series of papers of Fraser et al. ( , 2014 Fraser et al. ( , 2015 . This allows maintaining the consistency with the hierarchy we proposed in BSection 2^(specifically, preferring data from a year which is different from the reference, but coming from the primary source). The data for the final inventory are available for ten flows out of 23 for which there is a CF in the ILCD, without accounting for the halon-aggregated flow.
Normalization factors
The NF for ozone depletion stands at 3.34E+08 kg CFC-11 equivalent. The highest contributors are CFC-11 and CFC-12. Each of them is responsible for nearly 22% of the global impact, followed by R-40 (or methyl chloride) and CFC-10 which cover respectively 18% and 13% of the overall impact. The normalization factor at a global scale was calculated also by means of the EF reference package 3.0, which adopt the most up-to-date version of the model for ozone depletion (WMO 2014) . EF result stands at 3.33E+08 kg CFC-11 eq, a figure which is slightly lower (< 1%) than the result for ILCD.
Generally, uncertainties in the estimation of the global NF for ozone depletion are considered quite high, mostly because the majority of the substances contributing to ozone depletion impacts are not accounted in the inventory, leading to limited completeness of the substances coverage. In fact, limited data on ozone-depleting substances are available in the scientific literature, with particular regards to HCFCs from developing countries which in 2008 accounted for 74% and 73% of total ODP-weighted HCFC consumption and production, respectively (UNEP 2010). Furthermore, the application of extrapolation strategies for filling the temporal data gap led to rather low robustness of the inventory for this category.
Human toxicity (cancer and non-cancer) and ecotoxicity freshwater
Global inventory
Inventorizing chemical emission is considered a challenging task, due to the huge number of substances emitted and the complexity of proper characterization. Building on the work of Sala et al. (2015) and Cucurachi et al. (2014) , a new global inventory has been compiled and characterized with both ILCD and EF 3.0 (with the CFs as provided by Saouter et al. 2018 ). The inventory developed here was the result of identifying adequate upscaling factors and of complementing previous inventories with more updated data where available.
Firstly, a global NF was built upscaling the EU inventory as available in Sala et al. (2015) , by using the upscaling factor 14.12 derived from Cucurachi et al. (2014) , with further refinements. This factor was deemed the best for taking into account the role of heavy metals, being the ratio between the global extrapolated reference for Hg emissions and the related EU value reported by Cucurachi et al. (2014) for human toxicity, cancer.
For refining or complementing the inventory from Sala et al. (2015) , additional data have been retrieved from current literature for several substances and specific upscaling factors adopted, as follows.
Metals Emissions to soil of metals proceeding from manure (arsenic, cadmium, chromium, copper, lead, mercury, nickel, zinc) were taken from Leclerc and Laurent (2017) . Emissions to air of chromium, lead, and antimony are based on the upscale of Chinese records (Cheng et al. 2014a; Tian et al. 2015) , by means of the Chinese share of global electricity generated from coal (37%, IEA 2018). Emissions to air of arsenic, cobalt, manganese, and selenium were upscaled from Chinese records (Cheng et al. 2014b; Tian et al. 2015) to the global value by considering the Chinese share of global mercury emissions (31%, UNEP 2013). Emissions of mercury to both air and water proceed from UNEP (2013). Emissions to water of aluminum come from Leclerc and Laurent (2018) . Emissions to water of arsenic, cadmium, lead, and selenium are based on the upscale of EU inventory from Sala et al. (2015) by considering the European share of global emissions to air, assumed to be the same as to water. Finally, emissions to water of cobalt, copper, and manganese were taken from the upscale of the updated EU inventory of Leclerc et al. (2019) by factor 14.12 derived from Cucurachi et al. (2014) .
Pesticides The EU inventory of pesticides in Sala et al. (2015) was replaced by its most up-to-date version from Leclerc et al. (2019) . The inventory of Leclerc et al. (2019) was complemented with emissions from three additional EU countries (Bulgaria, Croatia, and Romania, previously neglected) and upscaled based on the ratio between European and global agricultural land (3.84%, Faragò et al. 2019) .
Other emissions to air Global emissions to air for 20 substances (e.g., HFC, HCFC) were retrieved from the available literature, and they were already inventoried as contributors to climate change and ozone depletion. For other 30 substances (e.g., dioxins, furans, BTEX), global emissions to air were retrieved from other studies (Shen et al. 2013; Fiedler et al. 2012; EC-JRC & PBL 2018; Leclerc and Laurent 2018) .
After its classification into the ILCD-(EC-JRC 2011, 2012) and the EF-compliant elementary flows (Saouter et al. 2018) , the final inventory was characterized. For those substances and groups for which there was no possibility to be directly mapped into either an existing ILCD-or EFcompliant elementary flow, ad hoc CFs were calculated in order to improve the coverage (as reported in the ESM). Furthermore, for the EF NF, acknowledging the potential underestimation of the NF especially for ecotoxicity freshwater due to a limited list of substances, the unmapped pesticides were characterized by means of a proxy CF derived as the average of the available CFs for pesticides in the normalization inventory.
Specifically, for the ILCD, several options for the inventory have been tested and normalization references calculated (reported as alternative results in Table 3 ). Those options are based on different combination of the original upscaling factors of Cucurachi as well as specific changes in metals according to Leclerc and Laurent (2017) . Details are provided in the ESM.
Due to the incompleteness of the previous sets, hereinafter only the results of the refined inventory developed in this study are reported.
Normalization factors
The ILCD-based global NFs for the three toxicity impact categories stand at 5.78E+13 CTUe for ecotoxicity; 3.37E+05 CTUh for human toxicity, cancer; and 5.91E+06 CTUh for human toxicity, non-cancer. While, the EF-based global NFs stand at 2.94E+14 CTUe for ecotoxicity; 1.28E+05 CTUh for human toxicity, cancer; and 1.59E+06 CTUh for human toxicity, non-cancer. The difference between the two methods in terms of absolute values and flows contribution is mainly linked to the substance coverage of each method and the different effect factors underpinning the CFs. In fact, the EF method covers a higher number of substances than ILCD, and the EF CFs for ecotoxicity and human toxicity, noncancer are based on lower ecotoxicological endpoints (namely the effective concentration (EC) EC20 instead of EC50 as used in the original USEtox™ model as applied in ILCD), thus leading to higher CFs. Furthermore, EF CFs are weighted according to the nature of the substances (organic, inorganic, metal) (see Saouter et al. 2018 for more details). The uncertainties in the calculation of the global NFs are high and derive from different sources, namely the large use of extrapolation strategies both behind the EU inventory (as highlighted by Cucurachi et al. 2014; Sala et al. 2015) and behind its upscale to the whole world, the reliability of the underpinning data sources and the mapping of emissions into compliant elementary flows.
Particulate matter
Global inventory
Data on emissions relevant for the particulate matter (PM) impact category were retrieved from different sources, namely EDGAR v.4.3.1 (EC-JRC & PBL 2016), MACCIty database distributed by ECCAD v.6.6.3 (GEIA 2016), and papers (Oita et al. 2016; Winijkul et al. 2015; Klimont et al. 2013) . The data sources present a very different level of inventory coverage. EDGAR v.4.3.1 was selected as an exclusive data source for this impact category, because of two main features: completeness of the coverage and emission compartment specificity. Regarding completeness, inventory data taken from EDGAR v.4.3.1 are available for five out of nine flows for which there is a CF in the ILCD. The other sources vary from a coverage of one (i.e., Klimont et al. 2013) to four flows at maximum (i.e., ECCAD v.6.6.3 from GEIA 2016), thus limiting the completeness. Regarding the emission compartment specificity, EDGAR database classifies emissions according to the IPCC sector, allowing defining the height for each sector following the definition in the IPCC guidelines (IPCC 2006) (i.e., close to ground, low/high/very high stacks, lower stratosphere, and upper troposphere), as well as carrying out a separation between Burban^and Bnon-urban^emissions according to the population fraction living in urban areas and rural areas in 2010 (UNDESA 2012). This classification was especially useful for the calculation based on the EF 3.0 Fazio et al. 2018b ), since the model for PM (Fantke et al. 2016) provides CFs differentiated according to the abovementioned emission height classes. These aspects led to a stronger result in terms of completeness and robustness. Concerning ILCD v.1.010 (EC-JRC 2012), the NF is the result of using CFs for urban and non-urban emissions without further specificity, since the model for PM misses the differentiation based on emission height.
Although data on both PM 10 and PM 2.5 were retrieved and the latter is a fraction of the former, only PM 2.5 has been characterized following the modeling rules of the method adopted, so to avoid double counting. In fact, according to Humbert (2009) , PM 2.5 represents the only responsible fraction for the health impacts due to PM 10 exposure.
Normalization factors
The global NF built on the inventory from EDGAR v.4.3.1 and obtained by means of ILCD (EC-JRC 2012) is 9.27E+ 10 kg PM 2.5 equivalents. The highest contributor to this impact category is PM 2.5 covering 88% of the overall impact, distantly followed by SO 2 (7%) and NH 3 (almost 4%).
Overall, the characterized figures for each elementary flow from all the different data sources appear to be consistent and comparable with each other in terms of the magnitude of their impact. Specifically, in some cases as for SO 2 and CO flows, values are very close one to the other. The exception is represented by the flow of NO x whose characterized figures span from 2.53E+08 (Oita et al. 2016 ) to 8.15+08 kg PM 2.5 equivalent (EDGAR v.4.3.1). This is mainly due to the fact that, while EDGAR v.4.3.1 database covers emissions for several sectors (i.e., energy industry, transport, chemical industry, manure management, agricultural waste burning, solid waste disposal), Oita et al. (2016) provide data on anthropogenic emissions of nitrogen compounds to the atmosphere mainly coming from agriculture and a few other sectors (i.e., energy generation and transport).
The normalization factor at a global scale was calculated with the EF reference package 3.0 as well, on the basis of the same inventory built on EDGAR and the PM model of Fantke et al. (2016) . The resulting NF is 4.11E+06 disease incidences, and it is not comparable with the previous one because of the different unit (i.e., kg PM 2.5 eq).
Ionizing radiation
Global inventory
The inventory for ionizing radiation category was built by combining the emissions of radionuclides to air and water from a number of sectors, including nuclear power plants; uranium mining and milling; coal, natural gas, and oil combustion; geothermal energy extraction for global electricity generation (UNSCEAR 2017a); crude oil extraction (EC-JRC 2017); and nuclear spent-fuel reprocessing plants (RADD 2016; UNSCEAR 2016; WNA 2016a) .
Firstly, for each radionuclide emission reported in UNSCEAR (2017a), the radionuclide discharge per gigawatt per year of electricity generated (TBq/GW a) was retrieved and multiplied by the total GW a of electricity generated in 2010 at global scale from the specific sector (e.g., uranium mining and milling, nuclear power plant operation). Specifically, for nuclear power plants, two different approaches have been used, namely (i) the radionuclide discharge of each reactor type (e.g., pressurized water reactor, boiled water reactor) has been multiplied by the GW a of electricity generated in 2010 by each specific reactor type and (ii) an average discharge (arithmetic mean) has been calculated for each radionuclide (carbon-14 to air, hydrogen-3 to air and to water, and iodine-131 to air) and multiplied by the global GW a generated in 2010 from nuclear power plants. In this way, we obtained two worldwide inventories of radionuclides emitted in 2010 (expressed in kBq) that were multiplied by the corresponding CFs in order to get the characterized results for each sector.
Secondly, the emissions of ionizing radiations to air and water due to nuclear spent-fuel reprocessing activities were taken for the reprocessing plants of the UK and France, for the reference year 2010. Radioactive emissions from reprocessing activities in India and Russia were derived from the UK and France data, respectively, according to the reprocessing technology employed and assuming the full capacity of the reprocessing plant, and then characterized. The global NF for ionizing radiations is given by the sum of the characterized results for each sector.
It is important to highlight that this inventory considers only routinary emissions, not accidents and that the figure would change significantly otherwise. Moreover, not taking into account, radiations from non-energy-related activities (e.g., phosphate and ceramics industry, gypsum end-of-life, radio-chemicals production, and research facilities) could lead to an underestimation of the global NF. Inventory data were available for 21 elementary flows out of 42 for which there is a CF in ILCD, thus contributing to medium-high inventory coverage. Data on emissions from reprocessing plants are available also for several shutdown plants (ENS 2016), such as Karlsruhe (Germany), Dounreay (UK), and Tokai (Japan). Due to their ceased activity and to their very low contribution to the total impacts (less than 1%), those were not taken into account for the calculation of NFs.
Normalization factors
The global normalization factors for ionizing radiations stand at 9.54E+11 kBq U-235 eq (by accounting for the specific radionuclide discharge and energy generated per nuclear reactor type) and 4.29E+12 kBq U-235 eq (by using an average discharge for each radionuclide emitted and global GW a from nuclear power plants). The difference between the two proposed values comes from the fact that the second option is based on an average value (1.305 TBq C-14/GW a) that makes only the radionuclide discharge count, thus converging towards the figure related to the type of reactor with the highest release. Whereas by accounting also for the differences in the actual electricity production of the specific reactor types as in the first option, the final result is reflecting the relative share of the specific emission profile, leading to a much lower weighted emission factor (0.194 TBq C-14/GW a). The details of this analysis are reported in the ESM, in the sections dedicated to ionizing radiation.
The first calculation (bottom-up approach) is more accurate and robust since it accounts for the specific features of each reactor type. On the other hand, the second option is in line with preceding studies based on an average emission value (van Oers 2015). However, the underpinning emission intensity in Van Oers (2015), namely 8.4E+04 MBq C-14/TWh (as reported in Dreicer et al. 1995) , differs from the figure used in the present study (e.g., 1.49E+05 MBq C-14/TWh as average) calculated by using data retrieved from UNSCEAR (2017a) report.
In both cases, operating nuclear power plants, followed by spent-fuel reprocessing activities, contribute the most to the overall figure. This is likely due to the high richness of the underpinning inventory in terms of a number of available elementary flows, compared to the other sources of radionuclides, e.g., natural gas and oil combustion for which only radon-222 is inventoried. The major contributors to the global impact are the emissions to air of carbon-14 (e.g., almost 86% in the first option presented above), distantly followed by cesium-137 to water (around 7%) and radon-222 to air (about 3%). At the inventory level, radon-222 dominates with a high level of emission registered for all the activities. However, the CF of radon-222 is very low compared to the one of carbon-14, leading to a high contribution of this latter to the overall impact. Comparing both the characterization made by using ILCD, which is based on the recommended model developed by Frischknecht et al. (2000) (egalitarian perspective, time horizon 100,000 years), with a characterization based on the same model with an individualist perspective (time horizon 100 years), the individualist-based NFs are lower than the others by almost one order of magnitude, mainly due to a variation of one order of magnitude in the CF of carbon-14 to air, which anyway remains the main contributor followed by cesium-137 to water. In fact, among the long-lived globally dispersed radionuclides periodically assessed (i.e., hydrogen-3, carbon-14, krypton-85, and iodine-129), carbon-14 represents the largest contributor to the exposure from global dispersion of long-lived radionuclides discharged from reprocessing of nuclear spent-fuel and is a significant contributor to the exposure resulting from the operation of nuclear reactors (UNSCEAR 2017b).
Uncertainties in the calculation of the global reference for ionizing radiation derives from several aspects, namely the selection of characterization factors; the extrapolation of Indian and Russian emission profiles for the spent-fuel reprocessing-related inventory (as explained in the Section 2); the lack of accounting for the emissions from non-energy-related activities, such as phosphate industry and ceramics industries (UNSCEAR 2010) (although apparently emissions from such sectors are not significant contributors to the global NF for ionizing radiations according to the results obtained by the analysis of, e.g., several processes related to phosphate rock mining for fertilizer production); and the level of details of the emission profile for nuclear power plants. In addition, emissions of radionuclides stemming from electricity production due to mining activities, coal, natural gas, and oil combustion, and geothermal energy use are currently poorly reported in the literature. Further improvements in the inventory should aim at filling these gaps. Moreover, there is a need to search for more detailed and precise data, in order to avoid a wide number of assumptions and extrapolations.
Photochemical ozone formation
Global inventory
Inventory data for photochemical ozone formation were taken from EDGAR v. 4.3.1 (EC-JRC & PBL 2016) and were available for four ILCD flows out of 132 currently characterized in the ILCD.
The group of non-methane volatile organic compounds (NMVOC) represents the key issue from the inventory side. This group includes a high number of substances known to contribute to photochemical ozone formation. An aggregated value for NMVOC has been retrieved from the EDGAR database (EC-JRC & PBL 2016. Alternatively, according to the methodology developed by Laurent and Hauschild (2014) , a substance breakdown could have been done, using available speciation profiles based on sectoral activity data. The breakdown strategy would allow having a more comprehensive and precise inventory based on a greater number of elementary flows, characterizing the impact of each substance by using their specific CF, also available in ILCD. However, according to the calculations made by Sala et al. (2015) for the EU27, the characterized result for NMVOC based on breakdown procedure remains relatively unchanged with respect to the characterized value obtained by using total NMVOC aggregated value (meaning no-breakdown procedures). Unlike the EU27 emissions, at a global level, the values for single NMVOC flows are missing and information on their speciation profiles are not readily available in the current literature. Therefore, only the aggregated value for NMVOC has been retrieved, leading to very low robustness and coverage completeness of the inventory.
Normalization factor
The final NF stands at 2.80E+11 kg NMVOC equivalents. An underestimation could occur according to the inventory limitation described above. The overall impact is driven by NMVOC (around 48%), followed by nitrogen oxides (40%), carbon monoxide (10%), and methane (< 2%).
Acidification
Global inventory
The collection of data for building the global inventory for acidification was guided by the main assumptions of the characterization model by Posch et al. (2008) and its definition of system boundaries. It was then possible to retrieve three global inventories taken from (i) EDGAR v.4.3.1 (EC-JRC & PBL 2016), (ii) ECCAD v.6.6.3 (GEIA 2016), and (iii) Oita et al. (2016) . All the alternative inventories cover the same three flows (i.e., NO x , NH 3 , and SO 2 ) out of seven for which there is a CF in the ILCD, contributing to a medium level of coverage completeness.
Normalization factors
Based on the three retrieved global inventories, the estimated NFs for acidification stand at (i) 3.83E+11, (ii) 3.07E+11, and (iii) 3.26E+11 mol H + equivalents. As EDGAR v.4.3.1 (EC-JRC & PBL 2016) database covers emissions coming from a broader range of sectors, included manure management, it was selected as the final option. Comparing the figures across the characterized inventories, it is possible to see that the three substances do not contribute with the same magnitude to the overall impact. For instance, for each characterized inventory, the flow of nitrogen oxides represents the minor contributor as acidifying substance, although figures vary within a range from 8 to 22%, instead, SO 2 and NH 3 represent the first or the second most important contributor to acidification depending on the source. According to the relatively limited difference among the final scores (less than 20%), and to the higher level of completeness in terms of covered emission sectors, EDGAR v.4.3.1 (EC-JRC & PBL 2016) has been selected as a data source, without additional extrapolations. On that basis, the robustness of the inventory underneath this impact category is judged to be medium.
The CFs that characterize the emissions in the acidification and eutrophication categories reflect the assumption that the inventory model is already accounting for the initial fate of macronutrients in soil and water. The modeling of the emissions to agricultural soil, particularly regarding the nutrient fate modeling, and its consistency with the boundaries between technosphere and ecosphere has been questioned in literature. In fact, the question around drawing the borders between the economy and the natural environment in a consistent and meaningful way is a gray area in LCA, especially relevant to agricultural systems. Additionally, the discussion on the accounting of nutrients to soil is still ongoing, due to the fact that agricultural soil is often seen as belonging to the technosphere. Depending on the fate modeling at the inventory stage, the elementary flow may be addressed to as total direct emission to agricultural soil or just as a fraction that will leave the soil thus considering at the inventory level the fate into the environmental compartments.
Eutrophication, terrestrial
Global inventory
As for acidification, for the terrestrial eutrophication impact category, three comparable inventories for the year 2010 were taken from (i) EDGAR v.4.3.1 (EC-JRC & PBL 2016), (ii) ECCAD v6.6.3 (GEIA 2016), and (iii) Oita et al. (2016) . All the options cover the same two flows (i.e., NO x and NH 3 ) out of seven for which there is a CF in the ILCD, thus limiting the completeness of the inventory coverage. However, EDGAR v.4.3.1 (EC-JRC & PBL 2016) database covers emissions coming from a broader range of sectors compared with the other data sources. Therefore, it has been selected as source of data.
Normalization factors
The estimated NFs are (i) 1.22E+12, (ii) 8.68E+11, and (iii) 7.55E+11 mol N equivalents, respectively. The first option, based on EDGAR v.4.3.1 (EC-JRC & PBL 2016) is recommended for its use with ILCD and compatible methods' results due to the higher level of completeness of the underpinning inventory. The other two options are lower than EDGAR's one (28% for option (ii) and 38% for option (iii)). Comparing the figures across the characterized inventories, in at least two out of three inventories (i.e., EDGAR v.4.3.1 and ECCAD v.6.6.3), the flows related to NH 3 and NO x approximately contribute with the same magnitude (i.e., 61-65% and 39-35% respectively) to the overall impact. Generally, NH 3 represents the major contributor to terrestrial eutrophicationrelated impacts, while NO x represents the flow that less contributes to the overall impact.
Eutrophication, freshwater
Global inventory
Similar to acidification, the collection of data for building the inventory of freshwater eutrophication was guided by the assumption of the characterization model by Struijs et al. (2009) and its definition of system boundaries. Further elaborations were then needed. Data on phosphorus emissions following manure and fertilizer application to both soil and water and emissions of phosphorus to water from wastewater treatment plants (WWTP) were retrieved.
The data on the global emission of phosphorus from agriculture were not directly available for the reference year. However, different options were available in the literature. The emissions of phosphorus (P) to soil and water were firstly collected from Bouwman et al. (2013) , where a comprehensive inventory of global P availability in the agricultural systems is presented, covering the years 1900, 1950, 2000, and the possible future changes in 2050, based on the United Nations projection (IAASTD scenario from McIntyre et al. 2009 ). According to the linear growth of global P amount underlined by the study, a linear interpolation was performed for calculating the annual increase of phosphorus at a global level between the years 2000 and 2050. The figures related to 2010, namely global P input from manure, global P input from fertilizers, and global P runoff (i.e., the only pathway which is assumed to move P to water sources), were punctually estimated and mapped into ILCD elementary flows. Particularly, they were respectively mapped as Bmanure, applied (P component),^Bfertilizer, applied (P component),^and Bphosphorus, total (to water)^thus being compliant with ILCD. According to FAOSTAT (2016), the global production and consumption of both fertilizers (in terms of P 2 O 5 and N) and manure (expressed as N) present a linear trend over a 12year period, i.e., 2002-2014. This feature would justify and validate the extrapolation procedure based on the data from Bouwman et al. (2013) .
Additional emissions of phosphorus to water were collected from Scherer and Pfister (2015) . The authors provide an estimation of crop-specific average emissions of P to the aquatic environment (kg P/kg crop) for 169 among crop species and groups. A second inventory was thus elaborated for the emissions of this macronutrient to water combining the data of Scherer and Pfister (2015) and the data of global crop production in 2010 from FAOSTAT (2018a) (see ESM for calculation). This latter calculation has been retained as inventory for the global NF, as it is based on measured data considered less uncertain compared to the linear extrapolation from Bouwman et al. (2013) .
Besides the emission of P to water related to the agricultural system, total P emissions from wastewater treatment plants (WWTP) were retrieved following the procedure explained in Sala et al. (2014) . This was based on the methodology developed by van Drecht et al. (2003 van Drecht et al. ( , 2009 . For the non-European countries, data on the production and treatment of wastewater were retrieved from FAO-Aquastat (2018), the population connected to WWTP from OECD (2018), and the protein intake from FAOSTAT (2018b). Inventory data were available for three flows out of the seven flows for which ILCD provides a CF. In fact, values for phosphate and phosphoric acid, both to water and to soil, were missing in the available statistics and literature, limiting the completeness of the inventory.
Normalization factor
The characterized result stands at 1.11E+10 kg P equivalents, of which approximately 71% is due to emissions of phosphorous to water. The remaining impact derives from phosphorous emissions to soil, following the application of animal manure and fertilizer.
Eutrophication, marine
Global inventory
The inventory for marine eutrophication was built on statistics of nitrogen compounds taken from various sources, as reported in ESM. According to the prioritization of sources proposed by Sala et al. (2015) and maintaining the consistency with the choices made for the other impact categories (e.g., priority is given to EDGAR v.4.3.1 over ECCAD v.6.6.3 because of its major completeness in sector coverage), several assumptions were made for compiling the final inventory. Data were collected for four ILCD flows out of 10 for marine eutrophication. As explained in the previous section for phosphorus, the figure of global nitrogen leaching and runoff for 2010 was punctually estimated from the study of Bouwman et al. (2013) and mapped into the ILCD elementary flow Bnitrogen total (to water).^Being this figure referred only to emissions from the agriculture system, it was complemented by means of the total nitrogen emissions from wastewater treatment plants. As for freshwater eutrophication, we followed the same procedure explained in Sala et al. (2014) , based on the methodology developed by van Drecht et al. (2003 van Drecht et al. ( , 2009 , using data from FAO-Aquastat (2018), OECD (2018), and FAOSTAT (2018b).
Normalization factors
The finally selected NF, based on the so-called final global inventory in ESM, stands at 1.35E+11 kg N equivalents. The characterization of this inventory reveals that the highest contributor to this impact category is N total covering 51% of the overall impact (44% of which comes from agriculture), distantly followed by NO x (33%). NH 3 and nitrate, summed together, cover about 17% of the global impact.
Overall, the figures provided by all data sources appear to be rather consistent with each other in terms of impact. As already explained in BSection 3.4,^the differences depend on the extent to which the data sources cover emissions from different sectors. This is especially valid in the case of nitrogen oxides, whose value span from 1.36E+10 (Oita et al. 2016) to 4.39E+10 kg N equivalent (EDGAR v.4.3.1) .
Uncertainty in the estimation of the global NF for marine eutrophication may derive from different aspects, such as the choice of combining different sources and the still limited completeness of the inventory coverage.
Land use
Global inventory
The inventory for land use was developed by Faragò et al. (2019) , based on a number of criteria and extrapolation strategies. Generally, the approach of Faragò and colleagues was consistent with the main aspects of this study: (a) global coverage, (b) spatially differentiation at the country level, (c) land use occupation and transformation flows, (d) consistency with the reference year of 2010. In fact, data concerning 13 different land use classes up to the third classification level according to Koellner et al. (2013) were extracted from official statistics provided by international organizations and then classified into the ILCD nomenclature (see Faragò et al. 2019 for further details about the mapping procedure). For both occupation and transformation to/from flows, the inventory and the CFs cover the following classes: forest, primary; forest, secondary; forest, extensive; forest, intensive; arable; arable, fallow; pasture/meadow; permanent crops; shrubland; wetlands; grassland; snow and ice; wetlands; bare area; urban.
Time series at country-scale resolution were used. The inventory for transformation flows was estimated as the difference between two consecutive years of occupation data, as proposed by Sala et al. (2014) , by taking into account the 2005-2010 time span.
Normalization factors
The overall ILCD-based global NF for land use stands at 8.83E+14 kg C deficit. The contribution analysis, performed considering both occupation-and transformation-related impacts and global default CFs (namely not country specific), highlights that India (18%), Australia (6.19%), China (5.61%), USA (4.98%), and Brazil (3.76%) represent the countries which contribute the most to the overall impact. This is mainly linked to the wide occupation of forests, pastures, and meadows and their transformation into urban areas, which affects the availability of organic carbon in soil and, consequently, soil quality.
As the level of details according to the available statistics is rather low, it was not always possible to find a match between the CF and the inventory flows, thus potentially influencing the total impact. In fact, the inventory is covering mainly the level 1 of the land use type classification by Koellner et al. (2013) , e.g., forest and pasture and only in few cases level 2 or level 3 (e.g., irrigated vs non-irrigated agricultural systems). Concerning countries coverage, complete unavailability occurs only in few cases and more than 95% of the world is covered for most of the flows taken into account, with the exception of some transformation flows and fallow land, whose data are mostly missing. Faragò et al. (2019) underline that the necessary extrapolation carried out in order to fill the data gaps related to transformation flows could reduce the robustness of the inventory.
An additional NF was calculated by means of the CFs of the EF reference package 3.0, which is using a soil quality index Sala et al. 2019; De Laurentiis et al. 2019) expressed in terms of points (Bpt^) and based on the LANCA® model (Bos et al. 2016) . The NF stands at 5.65E+15 pt when country-specific CFs are used, and at 7.19E+15 pt when using the global default factors only. The result obtained with this novel method is not comparable with the ILCD one presented above. As for the ILCD-based global NF, the final contribution is due to both occupation and transformation-related impacts. On the occupation side, the most contributing impacts derive from the occupation of permanent pasture and meadows, secondary forest, and bare soil. Specifically, concerning transformations, the impacts are generally related to land use changes from forest to agriculture (permanent crops and arable land) and to urban areas. For example, Brazil is subject to a high impact due to the broad transformation of its forests into agricultural and other vegetative areas. Deforestation in Brazil and in other tropical areas is, indeed, a well-known problem (e.g., Keenan et al. 2015) . On the contrary, China is among the main contributors to land transformation flows, in terms of Btransformation to forest.Î n fact, from statistical data, it appears that China is subject to a transformation of shrublands and other vegetative lands to forests, mainly managed forests, likely following a process of reforestation both for biodiversity and timber harvesting due to the increased demand on the market (Viña et al. 2016).
Water use
Global inventory
Combinations of different data sources for the inventory and types of CFs led to the calculation of seven normalization factors for the water-use category (see ESM for a summary table of the tested combinations). Specifically, four normalization factors were calculated for the ILCD (i.e., a combination of two inventories and two sets of CFs), and three for the EF 3.0. For the ILCD, a first inventory was built on data from FAO database (FAO-Aquastat 2017) on freshwater withdrawals (i.e., from surface and groundwater, exception made for hydropower generation), complemented with extrapolations from Eurostat (2016) and OECD (2016) . A second inventory was retrieved from the data on water withdrawal of the WaterGAP model (Müller Schmied et al. 2014) , which includes both withdrawal and consumption data. The two inventories were characterized by using both average and country-specific CFs, thus resulting in the four abovementioned global normalization factors for ILCD. The mentioned average CF in ILCD represents the weighted average based on country water withdrawal, whereas the countryspecific CFs were retrieved as country-specific water scarcity ratios from Frischknecht et al. (2009) and its update (Frischknecht and Büsser Knöpfel 2013) . In order to extend the coverage of the LCIA method including a higher number of countries, some approximations were made by adopting the geographic proximity and similar climatic conditions as main criteria for assigning a scarcity ratio to the countries not listed in Frischknecht and Büsser Knöpfel (2013) (see ESM for further details).
For the EF 3.0, a consumption-based inventory was retrieved from WaterGAP (Müller Schmied et al. 2014 ) and characterized with both average and country-specific CFs coming from the AWARE impact assessment model (UNEP 2016; Boulay et al. 2018 ). According to AWARE, which evaluates the impact in quantity of water deprived, the average CF is the weighted average based on country water consumption. For reason of completeness, a third normalization factor for EF 3.0 was calculated by characterizing the same consumption-based inventory using non-marginal CFs provided by Boulay et al. (2019) . This was due to the fact that, as recognized by several authors (Huijbregts et al. 2011; Pfister and Bayer 2013) Concerning the year 2010 for withdrawal data, WaterGAP is the most complete database, whereas the other complemented inventory presents missing values for many countries, some of them with a potentially significant role in the water use category (e.g., China). For this reason, values referred to other years and coming from the same sources (specifically 2008-2014 time span from FAOSTAT) were used to fill the gaps, in line with the hierarchical approach explained in BSection 2.Ĉ oncerning the WaterGAP consumption inventory, almost all the countries in the world (212 countries out of 215) were associated with an inventory value for 2010 and characterized by means of country-specific CFs.
Normalization factors
A set of seven normalization factors were calculated: four for ILCD and three for the EF 3.0. For ILCD, the calculated normalization factors are (a) 5.01E+11 m 3 water eq, based on data from FAO (FAO-Aquastat 2017) complemented with Eurostat (2016) and OECD (2016) multiplied by global average CFs; (b) 4.80E+13 m 3 water eq, based on data from FAO (FAO-Aquastat 2017) complemented with Eurostat (2016) and OECD (2016) multiplied by country-specific CFs; (c) 7.10E+11 m 3 water eq, built on WaterGAP-based withdrawal inventory multiplied by global average CFs; and (d) 7.67E+ 13 m 3 water eq, built on WaterGAP-based withdrawal inventory by country-specific CFs. The recommended global NF is (d) 7.67E+13 m 3 water eq, for which the most contributing countries are India (45%), China (11%), and Pakistan (11%). For EF 3.0, the calculated normalization factors are (e) 7.89E+ 13 m 3 water eq of deprived water, derived from WaterGAPbased consumption inventory multiplied by global average CFs; (f) 7.91E+13 m 3 water eq of deprived water, derived from WaterGAP-based consumption inventory multiplied by country-specific CFs; and (g) 1.68E+13 m 3 water eq of deprived water, derived from WaterGAP-based consumption inventory multiplied by country-specific non marginal CFs. The global NF to be used is (f) 7.91E+13 m 3 water eq of deprived water, whose highest contribution is given by China (16%), India (13%), and Pakistan (8%).
While options (e) and (f) gave similar results, the use of nonmarginal CFs led to a significantly lower NF compared, reflecting the different nature of the CFs. Moreover, the list of the main contributors changes, namely China and India show lower contribution to the overall impact (13% and 10% respectively) and Egypt now is a contributor (9%), closely followed by Pakistan (8%). These aspects suggest that using marginal CFs for characterizing large-scale inventories may lead to significant overestimations of NF. In fact, the CFs based on the AWARE model (Boulay et al. 2018) are recommended by UNEP (2016) and suggested to be used by the EF 3.0 Fazio et al. 2018b ) for characterizing marginal consumption only, whereas the use of non-marginal CFs is appropriate when assessing large-scale interventions such as global water consumption.
Generally, watershed-scale impact assessment is adopted for evaluating and quantifying how water use contributes to the water scarcity problem. However, for what concerns the spatial scale of the recommended normalization factor, especially in the EF context, the country-specific scale is used. This, which may be seen as a limitation in the quantification of the environmental impact, is mainly dictated by applicability reasons, especially in the Environmental Footprint context. In fact, the impact assessment method AWARE (UNEP, 2016; Boulay et al. 2018) , which is included in the EF 3.0 method, takes into account few resolution levels, both temporal and spatial (e.g., month, watershed, and continental/region). However, only the country scale is to be used in the common LCA practice (Fazio et al. 2018b ).
Resources use
Global inventory
Two groups of data were retrieved, namely (i) minerals and metals and (ii) energy carriers (i.e., fossils and uranium).
Both the normalization factors, i.e., ILCD 2011 and EF 3.0, are built on the same model which assess the abiotic resource depletion (ADP) (van Oers et al. 2002 and its update version van Oers and Guinée 2016). However, in the EF update, the Bultimate reserve^approach is taken whereas the Breserve base^is the one adopted in ILCD (EC-JRC 2011 , 2012 .
The inventory related to minerals and metals was built by relying on USGS statistics (USGS 2011a, b) , to which a specific approach was applied, involving conversion from compounds to elements for arsenic, chromium, phosphorus, potassium, and rare earths. In fact, the data retrieved for these flows were representative for the oxide compound of the element (e.g., arsenic trioxide, chromite, potash) which is effectively mined, and not on the metal content itself as generally provided by mine production data. Therefore, the amount of the elements themselves was extrapolated by using the molecular weight of the oxide compound and the atomic weight of the element. For several elements, namely antimony, gold, platinum, silver, and tellurium, statistics were complemented with information from the British Geological Survey (BGS 2017) according to the major completeness of the inventory in terms of higher coverage in emitting countries with respect to USGS. Extrapolations were applied to a reduced number of cases, namely six out of 66, and the extrapolated fraction (kg) out of the total amount of minerals and metals is very low (1%). The inventory of minerals and metals covers 66 elementary flows out of 73 for which a CF was available in ILCD, positively contributing to the completeness of the NF.
For what concerns the accounting of fossils within the global inventory, two different data sources were used, namely the International Energy Agency (IEA 2014) for peat, brown and hard coal, natural gas, and crude oil and the World Nuclear Association website (WNA 2016b) for uranium mining. However, data for both fossils and uranium production refer to the year 2013 and were retrieved as total mass. The inventory based on fossils presents a full coverage (i.e., 100%) of the ILCD elementary flows.
Normalization factors
The calculated NF for ILCD stands at 3.74E+09 kg Sb equivalents, and more than 99% is due to the contribution of minerals and metals, thus proving that when metal and fossil are combined, there could be a relevant underestimation of the depletion of energy reserves at the global scale. The largest contributors to the characterized result for this group (i.e., 3.73E+09 kg Sb equivalents) are germanium (61%) and indium (ca. 10%) that together with silver, antimony, lithium, strontium, and lead contribute to 90% of the impact derived from mineral and metals. However, it should be taken into account that (i) data on reserve for germanium and indium are scarce and this is affecting the CFs provided in the impact model, leading to an overestimation of their relevance and (ii) specific extrapolations were necessarily adopted for the of resources, as explained in BSection 2.2,^inevitably adding uncertainty to the results. On the other hand, uranium drives the overall impact for energy carriers contributing up to 78% of the total value for this group (i.e., 1.5E+07 kg Sb equivalents).
The NF for the EF 3.0 is reported as two separated values: one for minerals and metals and one for fossils plus uranium (4.39E+08 kg Sb eq and 4.48E+14 MJ respectively). The EF 3.0 impact assessment model for fossil and uranium depletion provides characterization factors expressed per units of thermic energy (MJ). Therefore, the conversion to energy equivalents (thermic MJ) was performed by using their average thermic energy content in the case of fossil fuels and by considering a specific reference process (i.e., an average water reactor) for heat production stemming from uranium fuel (EC-JRC 2012) . The contribution of flows is changing due to the use of the ultimate reserve approach, resulting in 37% of antimony, 32% of gold, and 6% of silver for the category resource use mineral and metals, whereas is 38% of oil and 24% of natural gas for the category resource use, fossil.
Even if the calculation for the current ILCD was split as well for the sake of comparison (in ESM), the values are not fully comparable because of the difference in the approach in the ADP calculation (i.e., reserve base vs. ultimate reserve).
Comparison of European over global normalization factors
As previously done by Sleeswijk et al. (2008) , European and global normalization factors were compared to support the Table 4 Overview of the relative environmental impacts of the European system compared to the world and expressed as a percentage. The share is reported, for each impact category according to the calculations from (i) this study; (ii) the NFs calculated in the Prosuite Project, Laurent et al. (2013) ; and (iii) the NFs of Sleeswijk et al. (2008) EU/global NFs ratio (%) ILCD impact category Unit according to ILCD* As in this study (ILCD v.1.010) a As in PROSUITE (Laurent et al. 2013) b As in Sleeswijk et al. (2008) kg Sb eq 1 2 n.a.
*The units of measurements in the other references (i.e., Sleeswijk et al. 2008; Laurent et al. 2013 ) may be different from those recommended in ILCD. However, this aspect does not influence the result, since the ratio is dimensionless a EU27 NF from Sala et al. (2015) , based on territorial perspective; global NFs from this study, calculated according to ILCD v.1.010 (EC-JRC 2011). EU27 represents the administrative composition of the European Union in 2010 b EU27 NF from Sala et al. (2015) , based on territorial perspective; global NFs from Prosuite (Laurent et al. 2013) c EU25+3 NF and global NF from Sleeswijk et al. (2008) ; EU25+3 represents the administrative composition of the European Union in 2006 plus Iceland, Norway, and Switzerland d This ratio becomes 4% if considering the alternative Global NF for particulate matter, namely the one based on the unspecified height of emission (as the underpinning calculation of EU NFs does) e This value is based on the updated calculation of the EU27 NF for ionizing radiations (5.81E+11 kBq U-235 eq), according to the principles and data sources underpinning the global NF described in this study, in particular by accounting for the specific radionuclides discharges and electricity generated per nuclear reactor type f The ratio is the one resulting from a comparison of EU 27/global as in Cucurachi et al. (2014) adopted in Prosuite, selecting the CO 2 -based extrapolation interpretation of the results. The share of impact due to emissions and resource extraction occurring within EU27 with respect to the impacts occurring at the global scale are reported in Table 4 , considering different references, namely -The ratio between the NFs for EU27 (Sala et al. 2015) and the global NFs, both calculated by means of ILCD. Both inventories refer to the year 2010. -The ratio between the NFs for EU27 (Sala et al. 2015) and
Prosuite NFs for the year 2010 (Laurent et al. 2013) . -The ratio between EU25+3 and the global NFs as reported by Sleeswijk et al. (2008) for the year 2000
The global NFs proposed in the Prosuite project (Laurent et al. 2013 ) are built on the same temporal scale and models of the global NFs that we propose, while in Sleeswijk et al. (2008) , the reference system is different both from the temporal (i.e., 2000 vs. 2010 ) and the spatial point of view (i.e., EU25+3 vs. EU27).
The ILCD-related EU/global ratios stemming from the calculations presented in this paper show that EU27 figures (Sala et al. 2015) do not generally exceed 10% of world impacts, with the exception of ionizing radiation. That percentage roughly represents the share of the EU over the world population and can be used as a benchmark to assess whether scaled by population size; the EU is directly impacting more or less than an average world citizen. A value higher than 10% means that in the EU, a certain impact is higher than in comparison to the world average, scaled by population, and vice versa for values < 10%. Such differences can be explained by (i) the characteristic of the phenomenon investigated (e.g., distribution of natural resources, use of a certain technology in Europe), (ii) a difference in accounting or characterization between the two sets of normalization factors, or (iii) a systematic error underpinning one of the two normalization sets. The most significant European contribution is registered for the category ionizing radiations (61%), distantly followed by climate change (9%). According to the results in BSection 3.5,^carbon-14 represents the most important flow in terms of impact on a global scale for the category ionizing radiations. Considering this radionuclide only, it is possible to observe that the emissions of carbon-14 registered at global level mainly come from nuclear power plants installed only in EU and operating for electricity production (see 100% values in Table 5 ). These, together with the other active reactors contribute to 58% of carbon-14 world emissions. Furthermore, another important source of carbon-14 in Europe is the spent-fuel reprocessing activities, which account for roughly 17% of the total emissions. By combining these sources, it is possible to explain why the EU contribution is so high in comparison to the rest of the world.
On the other hand, the lowest value is associated with the water use impact category (< 1%). As reported in BSection 3.12,^most of the impacts are due to water withdrawal in extra-EU countries, namely India, China, and Pakistan, with EU27 only covering 8% of global water withdrawal at inventory level. However, this ratio embeds the difference in the characterization between the two sets of normalization factors. To overcome it, we calculated the ratio between the EU27 NF from Sala et al. (2015) and a global NF by means of an average CF, as the calculation of the EU27 NF does. The novel ratio stands at 8%, which reflects the European share of water withdrawal on a global scale. Even the EU27 fraction for resource use is considerably low, due to the relatively limited extraction activities taking place within EU27 territory (Sala et al. 2015) compared to global scale (e.g., Europe is extracting only 1.6% of the global extraction of crude oil). For what concerns particulate matter, it is worth noticing that the calculation of the global NF was done accounting for the specification of the emission height, while in the EU27 NF, this does not occur. By considering the global NF calculated without accounting for height specification (thus making a comparison between values obtained on the same basis), the ratio EU/global becomes closer to 4%, comparable with 6% in photochemical ozone formation. It is reasonable that these values are below 10% because in the developing countries, especially in BRIC countries, there are many sources of such emissions (see ESM).
Regarding acidification-and eutrophication-related impact categories, whose inventory behind is almost the same to some extent, the ratio EU/global can be explained by the fact that the share of agriculture per person (in terms of total land used for agricultural purposes) is higher in the rest of the world than in EU (World bank 2017).
The ratios derived from Laurent et al. (2013) are generally close to our calculations, namely with the majority of EU27 share of impact around or below 10% with respect to the global impact. However, for some categories, the European share of impact in Laurent et al. (2013) highly exceeds this value, particularly in the case of ecotoxicity freshwater where 21% of the global impact is given by the EU27 contribution. This is linked to the fact that the global NF for the freshwater ecotoxicity category in Laurent et al. (2013) is represented by the CO 2 emission-based factor as calculated in Cucurachi et al. (2014) , which is indeed significantly lower than the Hg emission-based value that we used with further extrapolations from Cucurachi et al. (2014) .
In spite of the difference in the reference system with previous exercises, in several cases, the resulting ratios from Sleeswijk et al. (2008) do not appear to differ particularly compared to the others calculated ratios, namely with EU values below 10% of the world-related impact. However, for ionizing radiation, the EU27 impact represents the 36% of the overall global impact. This is likely due to the fact that, according to the authors, the normalization factor for the global scale was estimated by using the European system as representative of the global situation, thus leading to a potential misleading estimation of the final global reference (as for the relative share of EU compared to global emission of ionizing as for Table 5 ).
It is important to note that such results are expected to change significantly if a consumption-based perspective is adopted instead of a territorial one, i.e., by accounting for direct as well as indirect impacts associated with consumption patterns occurring within the EU27. This may lead to a larger share of impacts due to EU27 final consumption, which includes the embodied emissions happening elsewhere . Figure 1 reports a summary of the contribution analysis for a number of selected impact category according to ILCD characterization method (EC-JRC 2011 , 2012 . The contribution according to the EF method is reported in ESM. The figure shows to what extent the inventoried substances contribute to the global normalization factor for each selected category. The contribution to the impact is expressed as a percentage of the overall impact at the global level for each impact category included in the analysis, addressing explicitly those substances that contribute around 85% to the overall impact.
As for the contribution analysis discussed in Sala et al. (2015) for the EU27 normalization factor, in the majority of the impact categories, only a few elementary flows contribute the most to the overall impact, and for all impact categories, a single flow drives the impact, by contributing at least 21% (e.g., CFC-11 for ozone depletion) up to about 88% (e.g., PM 2.5 in particulate matter) to the overall impact. The reasons underpinning this aspect are extensively discussed in Sala et al. (2015) and are reasonable also for the global normalization factors, in particular for climate change, ionizing radiation, and human toxicity-related impacts, since the underpinning inventories are generally based on the same set of rules and the CFs adopted in the characterization step come from the same source, i.e., ILCD (EC-JRC 2012). For the other categories, the results of the contribution analysis at EU27 and global level are generally similar, with a high share of impacts deriving from the energy sector (e.g., CO 2 , PM 2.5 , and NO x ) just to name an example. However, the contribution to the global impact due to resource depletion and ecotoxicity shows some differences compared to the EU27 impacts. In fact, the extraction and use of germanium, followed by indium, represent the highest contributors to resource depletion, while in the European Union, almost 70% of the overall impact is given by strontium and silver. This is due to the differences in the level of extraction in the EU and globally. Concerning global impacts of ecotoxicity, the highest impact is due to the emission of vanadium to air (23%), which does not occur in the EU27 NF. This substance is emitted in high amount during the processes of coal combustion and bitumen production (Schlesinger et al. 2017) .
For what concerns land use, we carried out a contribution analysis at flow level by using global default CFs, in order to be compliant with EU27 NFs from Sala et al. (2015) and allow for a comparison. The results show that at a global level, most of the impact is related to urban transformation (43%), followed by Bpermanent meadows and pastures^(19%). BGrassland^and Barable^flows have a modest relevance (14% and 10%, respectively). Most of the transformation at inventory level occurred at the global scale is from forests to arable lands or to urban areas. The flow Btransformation to urban^represents the most relevant one also from the impact assessment point of view; in fact, its impact is about two orders of magnitude higher than the transformation to agriculturally related flows, e.g., Bto permanent crops^and Bto arable.^Generally, impacts due to agricultural land occupation (including permanent crops, arable land with and without fallow, permanent meadows, and pastures) represent 30% out of the overall global impact due to land occupation, and urban occupation stands at 1%. This is in line with the global NF result, where the sum of Bpermanent meadows and pasturesâ nd Barable^related contributions is about 29%, but not consistent with EU27 land occupation-related impacts. In this case, agriculture and urban activities represent a major source of impact.
Regarding the contribution to water use, very high contribution to the overall impact is related to India (45%), distantly followed by China and Pakistan (both 11%), which also represent those countries with high level of water withdrawal at inventory.
Conclusion and outlook
In this work, a set of normalization factors for the year 2010 were estimated with the aim of assessing environmental impacts at the global scale. The novelty of the NF sets presented in this study is associated with their consistency with both the ILCD and EF methods, thus opening the possibility to be used in the PEF/OEF contexts (Zampori & Pant 2019a, b) . Furthermore, compared to previous studies, this is the first time that several data sources and methodological options are systematically assessed and compared. In ESM, the different data sources and assumptions are extensively reported, as the basis for future improvements and to be used for sensitivity analysis of the results. Despite the attempts made for increasing coverage and robustness of the normalization factors (i.e., by adopting extrapolation strategies), current estimations still show intrinsic limitations. Therefore, the use of such results in LCIA as well as the consequent interpretation of normalized results has to be performed with care, especially for those NFs showing low levels of robustness. As previously suggested by Sala et al. (2015) and Benini and Sala (2016) for the EU27 normalization factors, the improvements should focus predominantly on the following aspects: completeness of the inventory; methodological choices adopted; completeness and robustness of the impact assessment.
Completeness of the inventory
More robust inventories for the impact categories should be set, focusing on their completeness in terms of the coverage of elementary flows and representativeness of the most impacting substances, for each impact category. Global inventories of emissions and resource use, as available in the literature, are generally affected by the limited availability of recent data, due, for example, to missing submission by parties as in the case of officially reported data based on accepted methods and models. In our study, we evaluated the option of partially overcoming this issue by building inventories based on different reliable data sources; however, data sources may lack a certain level of harmonization among the approaches used for obtaining emission and resource use data. Therefore, in order to complement the current inventories underpinning the calculation of the global normalization references, a systematic collection of more detailed and precise data associated to the global emission profile and resource use is still needed, ensuring consistency of assumptions and extrapolations. Moreover, there is a need for improving the geographical coverage of inventories, especially for those categories whose impacts are spatially dependent (e.g., water use or land use). The availability of and the easy access to spatially explicit data sources for those impact categories, with data aggregated at least at the national level, would result in a better and more accurate accounting of impacts.
Methodological choices
As reported in Benini and Sala (2016) , several methodological choices, such as the classification of elementary flows, the use of derived average CFs (as in the case of ozone depletion and water use), or the presence of substance groups (e.g., NMVOC) in the inventory, represent significant sources of uncertainty issues. For instance, for what concerns the classification of elementary flows, the use of synonyms available in the literature for identifying the same substance may generate inconsistencies in the final flow mapping and in the identification of the corresponding CFs. Therefore, a univocal nomenclature system should be defined, at least at the level of LCA inventories. Moreover, the lack of CFs in the applied LCIA methods, or the estimation of average CFs, for several substances which are instead available in the statistics would prevent or mislead the contribution to better assess the impacts. Additionally, in this work, emission-related figures have been collected for a defined year, namely 2010, taken as reference. However, to deal with delayed emissions, as mentioned in Sala et al. (2015) , it could be worthy to analyze the impact trends throughout a temporal series.
Impact assessment
Global normalization factors in this paper were calculated by using the recommended ILCD method (EC-JRC 2011 , 2012 and the EF method (Zampori & Pant 2019a, b; Fazio et al. 2018b; Sala et al. 2019) . For both methods, the results have been classified in terms of robustness levels, to provide guidance to the use of normalization factors by LCA practitioners.
Regionalization at the impact assessment level through the use of country-specific CFs instead of global default or average ones might lead to differences in results. For instance, in the calculation of global NF for water use impact category by means of the EF reference package 3.0, the obtained results are comparable within the same order of magnitude, whereas for the ILCD calculation, regionalization carries a difference of two orders of magnitude. This kind of reasoning could be applied also when very detailed CFs are available for certain types of inventory data beyond the geographic scale. For instance, the underpinning model for water use (UNEP 2016; Boulay et al. 2018) provides CFs that can be specifically associated to the consumption of water due to irrigation practices: choosing specific CFs might affect the impact due to the agricultural sector and, consequently, the final NF. Another important aspect to be taken into consideration in the LCIA phase relates to the use of marginal or non-marginal average CFs. This becomes significant, especially when evaluating pressures, e.g., on water use, whose effects strongly depend on the background inventory or on the already occurring interventions (according to Boulay et al. 2019) . As revealed in our calculation, when dealing with large-scale interventions, as for global water consumption, a marginal approach, compared to the use of average CFs, may overestimate the resulting impact.
Consistency between inventory, impact assessment, and normalization
The calculation of a normalization reference, which could be used in the common LCA practice, needs to take into consideration some aspects for the sake of consistency. In fact, the choice of the level of detail for both the inventory and the CFs underpinning the calculation of the global NFs should be done while ensuring consistency between the calculated normalization factors themselves and the LCA results that are to be normalized, namely both the inventory for the product/ service life cycle assessment and the characterization factors adopted in the common LCA practice. For instance, when a model can be applied at the country level, the inventory for normalization is built on a country level basis. However, the average available background dataset used for building LCA inventories may miss the geographical details, e.g., land use inventories in secondary datasets usually do not report country specification. On the other hand, as for the case of acidification indicator, country-specific inventory data can be retrieved, whereas the model provides CF's for EU countries only, without accounting for the rest of the world.
Additionally, an open question concerns the definition of the system boundaries between technosphere and ecosphere when modelling certain impacts that leads to differences in the way the LCI of some impact categories is combined with LCIA. In fact, the question around drawing the borders between technosphere and ecosphere in a consistent and meaningful way is a gray area in LCA that need to be solved in order to improve the characterization. Particularly, the system boundary definition is of relevance for processes and emissions/extractions in the agricultural sector and the impact categories associated with this (e.g., eutrophication, acidification, ecotoxicity). In order to be consistent, the same system boundary should be used in the inventory of the total emissions and extractions underpinning the calculation of normalization factors, in the inventory of process data for the product/ service life cycle assessment, and, finally, in the impact assessment model. By choosing the characterization factor sets (in this specific case ILCD and EF), the environmental processes and the emissions are to be defined accordingly. In fact, it is crucial to clearly identify which flows are the inputs into the model, namely the application of the nutrient to soil or the surplus (i.e., application minus uptake) just to mention an example. Therefore, in order to ensure a better accounting of impacts and allowing the reliable use of normalization factors, it becomes fundamental to solve such consistency issues.
